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ABSTRACT 
Twenty-eight new high-precision Chemical Abrasion Isotope Dilution Thermal Ionisation 
Mass Spectrometry U-Pb zircon dates for tuffs in the Sydney and Bowen Basins are reported. 
Based on these new dates, the Guadalupian-Lopingian/Capitanian-Wuchiapingian boundary 
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is tentatively placed at the level of the Thirroul Sandstone in the lower part of the Illawarra 
Coal Measures in the Sydney Basin. The Wuchiapingian-Changhsingian boundary is at or 
close to the Kembla Sandstone horizon in the Illawarra Coal Measures, southern Sydney 
Basin, in the middle part of the Newcastle Coal Measures in the northern Sydney Basin, and 
in the middle of the Black Alley Shale in the southern Bowen Basin. The end-Permian mass 
extinction is recognised at the base of the Coal Cliff Sandstone in the southern Sydney Basin, 
at the top of the Newcastle Coal Measures in the northern Sydney Basin, and close to the 
base of the Rewan Group in the Bowen Basin and is dated at c. 252.2 Ma. The end-Permian 
mass extinction is interpreted to be synchronous globally in both marine and terrestrial 
environments, and in high and low latitudes (resolution <0.5 my). The GSSP-defined 
Permian-Triassic boundary is interpreted to be approximately at the level of the Scarborough 
Sandstone in the lower Narrabeen Group, Sydney Basin, and in the lower Rewan Group, 
Bowen Basin. New dates presented here suggest that the P3 and P4 glacial episodes in the 
Permian of eastern Australia are early Roadian to early Capitanian, and late Capitanian to 
mid Wuchiapingian in age respectively. The greenhouse crisis in the uppermost Pebbly 
Beach and Rowan Formations of the Sydney Basin is interpreted as early mid Roadian, a 
mid-Capitanian age for the crisis at the base of the Illawarra/Whittingham Coal Measures is 
confirmed. Greenhouse crises in the upper Illawarra/Newcastle Coal Measures and lower 
Narrabeen Group of the Sydney Basin are dated as upper Changhsingian-Induan, and in the 
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The Middle Permian to Early Triassic interval includes some of the most 
severe biotic crises and climate-change events in the history of the Earth. The end of the 
Middle Permian (end-Guadalupian) saw a profound sea-level fall, cooling event, and 
extinctions of low-latitude marine biota (Isozaki et al., 2007a, 2007b; Wignall et al., 2009a, 
2009b). Causative mechanisms are largely linked to the Emeishan Large Igneous Province 
volcanism (Shellnut et al., 2012), however the global nature of the end-Guadalupian mass 
extinction has been questioned (Rubidge et al., 2013; Shen et al., 2013). The greatest mass 
extinction of life on Earth occurred in the late Changhsingian (latest Permian) with the loss of 
~85-90% of marine species (Jin et al., 2000; Shen et al., 2011) and ~60% of terrestrial 
families (Benton, 1995) over a short period of time, estimated at several hundred thousands 
of years or less (Mundil et al., 2004; Huang et al., 2011; Shen et al., 2011; Burgess et al, 
2014). Proposed killing mechanisms in the oceans include global anoxia associated with 
euxinia, hypercapnia (CO2 poisoning), ocean acidification, and extreme global warming. Kill 
mechanisms on land include increased CO2 and reduction of oxygen levels in the atmosphere 
(Schneebeli-Hermann et al., 2013), and injection of volcanic sulphate aerosols, and methane 
from clathrate reservoirs (Berner, 2002) with consequent global warming (Joachimski et al., 
2012), aridity, wildfires, acid rain and mass wasting (Shen et al., 2013; Benton and Newall, 
2014). Varied models have been proposed for the cause of the end-Permian extinction, and 
while hotly debated, the most widely accepted model identifies the consequences of the 
Siberian flood basalts as the principal cause. Following the end-Permian (late Changhsingian) 
mass extinction, there was a 5 million year period of continued global climatic and 
environmental upheaval which was characterized by significant carbon isotope excursions, 
the global “coal gap”, “reef gap”, “radiolarian gap”, significant size reduction of many 
organisms, and a range of unusual facies and biota including microbialites, and flat pebble 
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conglomerates. This Early Triassic period of environmental upheaval is referred to in the 
literature as the period of “delayed recovery” following the mass extinction. 
Ongoing debates relating to the global nature and cause of the end-
Guadalupian mass extinction, and on the synchronous or diachronous nature and cause(s) of 
the end-Permian extinction require more comprehensive data both stratigraphically and 
geographically, and especially from regions outside of the highly studied northern 
hemisphere and palaeo-equatorial shallow-marine Tethyan region, i.e. from high-latitude 
southern hemisphere Gondwana. A major impediment to comparative studies between 
Permian-Triassic low and high latitude sequences and between marine and non-marine 
sequences has been a lack of precise geochronological constraints to effect global correlation. 
The P-T of the southern hemisphere Gondwana supercontinent contains predominantly 
endemic biotas in both marine and terrestrial environments largely precluding precise 
correlation with standard international biozones and System/Stage boundaries. P-T marine 
correlations in Australian Gondwana have previously been effected largely using local 
endemic brachiopod and palynology zonation schemes (Briggs 1998; Foster and Archbold, 
2001). Conodonts, ammonoids and fusulinids, used globally for marine P-T biozonation are 
either absent (fusulinids) or rare (conodonts, ammonoids) in Gondwana and particularly in 
Australia due to cool-cold climatic conditions related to high southern palaeolatitudes and 
glaciation-influenced climatic conditions (Korte et al., 2008; Fielding et al., 2008a). High-
precision dating of multiple volcanic tuffs in these sequences now provides a robust high-
resolution temporal framework that can be globally correlated and can thus provide vital 
constraints on the nature of biotic crises, climate change and other geological events. We here 
present twenty-eight new high-precision U-Pb zircon CA-TIMS dates for P-T air-fall tuffs in 
the Sydney and Bowen Basins of eastern Australian Gondwana that provide vital 
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international calibration and temporal framework for stratigraphy, biotic events, deep-time 
climate-change, tectonic evolution and resources. 
 
2. Geological, tectonic and palaeogeographical setting 
 
The Sydney, Gunnedah and Bowen basins of eastern Australia contain late 
Carboniferous, Permian and Triassic marine and non-marine sequences that contain 
substantial coal resources, particularly in the Upper Permian.  These basins developed 
initially by back-arc extension in the late Carboniferous-Early Permian, followed by thermal 
sag and evolution into foreland basins in the Late Permian-Early Triassic (Korsch et al., 
2009; Waschbusch et al, 2009).  In the Permian-Early Triassic Australia formed part of 
eastern Gondwana, the southern hemisphere component of the Supercontinent Pangea and 
was located in high southern palaeolatitudes.  An Andean-type volcano-magmatic arc 
produced large quantities of volcanic ash which was deposited as multiple tuffs in the 
Permian-Early Triassic foreland basins of eastern Australia (Fig. 1). 
 
FIGURE 1 ABOUT HERE 
 
Early Permian sedimentary fill of the Sydney, Gunnedah and Bowen basins, 
during back-arc rifting and thermal sag stages, was largely shallow-marine but in the Late 
Permian foreland basin stage sediments were largely non-marine terrestrial fluvial and 
swamp dominated with substantial coal measures development.  Sequences in the Sydney-
Gunnedah-Bowen basins have to date been largely correlated at the intra and inter-basin 
levels using shallow-marine biota (mainly brachiopods and forams) and palynology, and 
lithological and sequence stratigraphy underpinned by geophysics and borehole data.  The 
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brachiopod, foram and palynological zonal schemes utilise largely endemic biota and these 
cannot be used to any degree of confidence for international correlation.  In addition, the 
palynological zones employed are mostly long-ranging and do not provide high-resolution 
correlation.  Rapid sedimentary facies changes, including splitting and coalescing of coal 
seams, together with unconformities, driven by both eustatic and tectonic regressions and 
transgressions in a convergent margin setting, are features of all basins.  Depositional rates 
for sediments in the basins are poorly constrained, but are vital for understanding basin 
evolution and tectonic development (Korsch and Totterdel, 2009).  
 
3. Previous U-Pb zircon dating of tuffs in the Permian-Triassic of Eastern Australia 
 
There is only one previously published paper that provides U-Pb zircon TIMS 
ages for tuffs in eastern Australia.  Gulson et al. (1990) reported an age of 256 ± 4 Ma for the 
Awaba Tuff, sampled in the BHP DDH N1561 corehole, 266 ± 0.4 Ma for the Thornton 
Claystone sampled in the roof of the Big Ben Seam near the base of the Four Mile Creek 
Subgroup, and 309 ± 3 Ma for the Matthews Gap Dacitic Tuff Member of the Patterson 
Volcanics, northern Sydney Basin.  Zircons analysed by Gulson et al. (1990) were subject to 
air abrasion prior to analyses. These results lack the high-precision and accuracy of current 
CA-TIMS methodologies but they provided the first direct estimates for the duration of the 
Permian in eastern Australia and estimates of sedimentation rates for Sydney Basin 
sequences. 
All other previously published U-Pb zircon dates for Permian-Triassic tuffs in 
Eastern Australia are Sensitive High Resolution Ion Microprobe (SHRIMP) dates.  
Recognition of the lack of precise international correlation and calibration of Carboniferous-
Permian-Triassic sequences in eastern Australia led John Roberts and co-researchers to 
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undertake an innovative program of tuff dating to address this problem (Roberts et al., 1995a, 
1995b, 1996).  The results from these studies were controversial as they contradicted 
previously assigned ages based on biostratigraphy and in some cases indicated that rocks 
regarded as Permian were in fact Triassic (Draper et al., 1997). Unfortunately the Roberts et 
al. studies used the SL13 standard now known to have heterogeneous 206Pb/238U. Further 
problems with unrecognised lead loss and matrix effects on the measured Pb/U render these 
SHRIMP ages unreliable (Black & Jagodzinsky, 2003; Black et al., 2003, 2004). SHRIMP U-
Pb dating cannot achieve the fine level of time resolution required for precise timescale 
calibration and correlation in the Phanerozoic. Discrepancies between SHRIMP dates 
(Roberts et al., 1996) and early TIMS U-Pb dating in the Sydney Basin (Gulson et al., 1990) 
already highlighted the limitations of ion microprobe dating for time scale calibration.  In this 
study we re-dated eight tuffs that were originally SHRIMP dated using the SL13 standard and 
reported by Retallack et al. (2011). CA-TIMS dates presented here are based on dating of 
zircons plucked from the original SHRIMP mounts for the samples reported in Retallack et 
al. (2011) providing a direct comparison of data (Figure 2). Comparison of these high-
precision CA-TIMS dates with the SL13 based SHRIMP dates confirms the unreliability of 
historic SHRIMP dating in eastern Australia. 
 
FIGURE 2 ABOUT HERE 
 
In order to assess current SHRIMP dating of Phanerozoic tuffs using more 
reliable standards and as an initial screening prior to CA-TIMS dating, some of the Permian 
Tuff samples analysed in this study were dated by SHRIMP at Geoscience Australia. Whilst 
uncertainties on SHRIMP dates are still high with 2σ uncertainties of 0.4–0.8% compared to 
0.05-0.1% for CA-TIMS, the accuracy of this method is now much improved (Bodorkos et 
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al., 2012). Much larger individual 206Pb/238U uncertainties in the SHRIMP datasets do not 
allow for recognition of marginally older xenocrysts, antecrysts or detrital grains from the 
interpreted magmatic grain population. In addition, lead loss issues are difficult to address by 
the SHRIMP method although there has been an attempt at annealing and chemical abrasion 
prior to SHRIMP analyses (Kryza et al., 2012). Annealing and chemical abrasion of zircon 
grains prior to TIMS analyses does appear to largely (but not always completely) address 
lead loss. The advantages of the CA-TIMS method, compared to SHRIMP makes this the 
preferred dating method for high-precision dating of tuffs and timescale calibration in the 
Phanerozoic. 
 




Samples of volcanic tuff layers, interbedded with both non-marine and marine 
sedimentary strata in the Permian and Lower Triassic of the Sydney and Bowen Basins of 
eastern Australia were sampled from borehole cores, underground and open-cut coal mines, 
road cutting sections and quarries, and natural exposures in river valleys and coastal beaches. 
Regional tuff marker horizons were especially targeted, but in addition, sampling of tuffs to 
provide as comprehensive as possible stratigraphic coverage was undertaken.  Sample sizes 
varied depending on the source, but at outcrop exposures, sample sizes were 5-10 kilograms 
whereas in borehole cores samples could be less than a kilogram.  Due to the largely felsic 
nature of the tuffs, most samples yielded sufficient numbers of zircons for analyses. 
 
4.2. Sample locations and horizons 
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 Sample locations are plotted on Fig. 3 and precise co-ordinates and 
stratigraphic assignments are summarized in Table 1. Additional notes and stratigraphic 
context of some samples are given below. 
 
FIGURE 3 ABOUT HERE 
 
TABLE 1 ABOUT HERE 
 
4.2.1. Sydney Basin 
 
SHRIMP dates for samples PCF16, PCF17, PCF18, PCF23, PCF24, PCW266 
(Table 1) were reported (but not fully presented) by Carr et al. (2003) and Retallack et al. 
(2011).  Those dates are considered unreliable due to the use of the inhomogeneous SL13 
standard (see Section 3 and Fig. 2). CA-TIMS analyses were performed on zircons plucked 
from the original SHRIMP mounts provided by the Australian National University.  The 
locations of some of these samples were erroneously reported by Retallack et al. (2011) and 
where necessary are corrected here following discussions with Paul Carr and Brian Jones of 
the University of Wollongong. 
 
PCF16: 2 m below the top of the Broughton Formation from outcrop near Wollongong at 
GPS S34.408237 E150.87857. 
PCF17: Garie Formation, road cut outcrop, Bulli Tops, Wollongong area, GPS S34.32926 
E150.8762321. The precise stratigraphic location within the section exposed at Bulli Tops 
(Fig. 4), which contains several tuff layers, was not reported by Carr et al. (2003) or 
This is an author-produced, peer-reviewed version of this article.  The final, definitive version of this document can be found online at
Gondwana Research, published by Elsevier Copyright restrictions may apply.  doi: 10.1016/j.gr.2014.09.002
Retallack et al. (2011).  Brian Jones (pers. comm.) has indicated to us that the sample 
probably came from the thick tuff from which dated sample Bulli 5 (GA2005209) was taken 
(Fig. 4). 
PCF18: This sample is from the Fairford Formation, Jerrys Plains Subgroup, Wittingham 
Coal Measures, Hunter Coalfield exposed in outcrop at Mount Arthur Mine, SSW of 
Muswellbrook (Fig. 3), GPS S32.329063 E150.86629.  The precise level of this sample 
within the thin c. 2m thick Fairford Formation is not known. 
PCF23: This sample is from the Farmborough Claystone, outcrop exposures in the Nattai 
River, Wollongong area (Fig. 3), GPS S34.43569 E150.45639. The detailed stratigraphic 
level within the Farmborough Claystone is not known. 
PCF24: This sample is from a tuff within the Wongawilli Coal, 1 m above the Farmborough 
Claystone, Illawarra Coal Measures, in outcrop exposures in the Nattai River, Wollongong 
area (Fig. 3), GPS S34.43569 E150.45639. 
PCW266: Huntley Claystone Member, Illawarra Coal Measures. From corehole Tower DDH 
20, 600.37 m depth, 6 km southeast of Appin (Fig. 3), S34.185243 E150.884432 (locality 
details from Brian Jones UW). This sample was erroneously reported as being from the 
Nattai River by Retallack et al. (2011). 
SB27 (GA2127413): Bulli Coal Seam, Illawarra Coal Measures, Metropolitan Colliery, 
Peabody Energy, GPS S34.187047 E150.992334. Sample collected from underground 
exposures. Representative section is in Excel Metropolitan DDH3 located 500 m from 
underground sample location. Sample is from a 1-2 cm thick lenticular tuff in the lower part 
of the 3.25 m thick Bulli Seam, 0.61 m above the base of the seam (Fig. 5). 
Bulli 5 (GA2005209): Late Lower Triassic Garie Formation, outcrop in road cutting, western 
side of the Southern Freeway, Bulli Tops near Wollongong, S34.32926 E150.8762321. 
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Sample Bulli 5 is from the middle part of a 1.8 m thick felsic tuff near the base of the Garie 
Formation (Fig. 4).   
 
FIGURE 4 ABOUT HERE 
 
FIGURE 5 ABOUT HERE 
 
 
GA2031204: Nobbys Tuff, Newcastle Coal Measures, Centennial Borehole PN072 (Fig. 3), 
171.57 - 172.67m, GPS S33.016116, E151.52842. The Nobbys Tuff in PN072 is 1.74 m thick 
and sample GA2031204 is from the upper part of the tuff (Fig. 6) 
 
FIGURE 6 ABOUT HERE 
 
GA2031203: Awaba Tuff regional thick tuff marker bed in the Newcastle Coal Measures, 
was sampled in Centennial Coal/ Mandalong DDH 95 (Fig. 3, Fig. 7), 284.63 - 285.44m, 
GPS S33.1216825, E151.425355. The Awaba Tuff in the Mandalong DDH 95 core is 11.39 
m thick, with top at 283.96 m and base at 295.35 m and sample GA2031203 is from the 
uppermost part.  The Awaba Tuff is overlain by the West Wallarah coal seam that is the local 
name used at Mandalong to define the seam formed by the westerly convergence of the 
Wallarah and Great Northern seams. The Awaba Tuff is underlain by the Fassifern Seam (see 
Fig. 7). 
 
FIGURE 7 ABOUT HERE 
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Myuna 2 (GA2128524): Great Northern Seam, Newcastle Coalfield. Myuna Mine 
(underground exposures), GPS S33.0631786, E151.569965. Sample horizon is 170 cm above 
the base of the Great Northern Seam (Fig. 8). 
 
FIGURE 8 ABOUT HERE 
 
GA2055445: Mannering Park Tuff, Moon Island Beach Fm, Newcastle Coal Measures, 
Centennial Coal, Myuna DDH 45 (Fig. 3, Fig. 9, Fig. 14), 0.70 - 1.70m, GPS S33.0718, 
E151.5988. The sampled 1 m thick tuff underlies the Wallarah Coal (Fig. 9). 
 
FIGURE 9 ABOUT HERE 
 
GA2152418: Cowper Tuff, Newcastle Coal Measures, sampled in outcrop below the 
Karignan Conglomerate and above the Wallarah Coal seam, at Ghosties Beach (Fig. 3, Fig. 
14), GPS S33.1774139, E151.6297194. 
GA2031207: Rowan Fm, Greta Coal Measures, Hunter Coalfield, Muswellbrook Coal Sandy 
Creek MCC, Sandy Creek DDH 32 (Fig. 3), 266.91 - 267.07 m. GPS S32.226753, 
E150.933751. The 16 cm thick tuff is located in the upper part of the Rowan Formation, 
approximately 11 m below the top of the formation and between the Fleming and Hilltop coal 
seams (see Boyd and Leckie, 2000 for stratigraphic horizon).  This tuff was dated using the 
SHRIMP as 268.9 ± 2.0 Ma (Roberts et al., 1996). 
GA2005149: Fairford Fm, Lower Jerrys Plains Subgroup, Wittingham Coal Measures, 
Hunter Coalfield, AMOCO Wybong 1 (Fig. 3), 595.9 - 596.21m.  GPS S32.27502, 
E150.65368.  
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GA2005146: Nobbys Tuff (lower part), Clifford Fm, Wollombi Coal Measures, Hunter 
Coalfield, AMOCO Wybong 1, 255.33 - 255.6m.  GPS S32.27502, E150.65368. See Creech 
et al. (2004) for relevant stratigraphic section. 
M2 (GA2129584), M3 (GA2129585), M4 (GA2129586): Samples of the Upper Pilot A 
Interbeds (M4), lower Fassifern Seam (M3) and Awaba Tuff (M2), Newcastle Coal Measures 
were collected from the Mangoola Mine (Xstrata) near Muswellbrook in the Hunter Coalfield 
(Fig. 10). 
 
FIGURE 10 ABOUT HERE 
 
GA2005145: Awaba (formerly called Nalleen) Tuff Member (lower part), Newcastle Coal 
Measures, Hunter Coalfield. AMACO Wybong 1, 94.92 - 95.2m. GPS S32.27502, 
E150.65368. See Creech et al. (2004) for relevant stratigraphic sections. 
 
4.2.2. Bowen Basin 
 
We here report CA-TIMS ages from eight samples from the Upper Permian 
sequence in the southern Bowen Basin. 
 
Myall Creek 3: A 34 cm thick air fall tuff in the Tinowon Fm, Wallabella Coal Member, 
Myall Creek 3 drill core, depth 2077.01 - 2077.35 m, near the base of an 8.6 m thick re-
worked tuffaceous sst/mudstone unit within the Wallabella Coal Member, 1m above the top 
of the Main Seam (Fig.3, Fig. 11). A SHRIMP date of 257.0 ± 1.5 Ma was reported for this 
tuff by McInnes et al. (2010). Unfortunately this included session calibration against the 
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unreliable SL13 standard.  The high-precision CA-TIMS date reported here for this tuff is 
256.50 ± 0.04 Ma which is younger than but consistent within error of the SHRIMP date. 
 
FIGURE 11 ABOUT HERE 
 
Meeleebee 5 samples: Seven high-precision CA-TIMS dates are here reported for tuffs in the 
Meeleebee 5 exploration well core, southern Bowen Basin located at GPS S26.241774, 
E149.197463. The depths of dated tuff samples are given in Table 1 and their horizons in 
relation to stratigraphy are given in Fig. 12. 
 
FIGURE 12 ABOUT HERE 
 
4.3. CA-TIMS U-Pb Geochronology Methods 
 
U-Pb dates were obtained by the chemical abrasion isotope dilution thermal 
ionization mass spectrometry (CA-TIMS) method from analyses composed of single zircon 
grains or fragments of grains. Most samples were prepared at Boise State University, where 
grains were separated from tuffs using standard techniques, placed in a muffle furnace at 
900°C for 60 hours in quartz beakers, mounted in epoxy, polished until the centers of the 
grains were exposed, and imaged for cathodoluminescence (CL). Samples were similarly 
prepared at the Australian National University, with the difference being that grains were U-
Pb dated by SHRIMP and annealed after being removed from mounts. Zircon was selected 
for analysis based on the CL images and several grains were broken into two fragments that 
were analyzed separately to test for within-grain age uniformity. Zircon was subjected to a 
modified version of the CA-TIMS method of Mattinson (2005). Single grains or fragments of 
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grains were loaded into 300 ml Teflon PFA microcapsules, 15 of which were placed in large 
capacity Parr vessels, and were partially dissolved in 120 ml of 29 M HF for 12 hours at 
180°C. Residual zircon was placed into 3 ml Teflon PFA beakers, HF was removed, and 3.5 
M HNO3 was added. Zircon was ultrasonically cleaned for 0.5 hour and fluxed on a hotplate 
at 80°C for several hours. The HNO3 was removed and zircon rinsed twice in ultrapure H2O 
before being put back into 300 ml Teflon PFA microcapsules, which were rinsed and fluxed 
in 6 M HCl for several hours. EARTHTIME 233U-235U-202Pb- 205Pb tracer solution (ET2535) 
or EARTHTIME 233U-235U-205Pb tracer solution (ET535) was added to the microcapsules 
before the zircon was dissolved in 120 ml of 29 M HF with a trace of 3.5 M HNO3 at 220°C 
for 48 hours, dried to fluorides, and then re-dissolved in 6 M HCl at 180°C for 10 hours. U 
and Pb were separated from the zircon matrix using an HCl-based anion-exchange 
chromatographic procedure (Krogh, 1973), eluted together and dried with 2 μl of 0.05 N 
H3PO4. 
Pb and U were loaded on a single outgassed Re filament in 5 μl of a silica-
gel/phosphoric acid mixture (Gerstenberger and Haase, 1997), and U and Pb isotopic 
measurements made on a GV Isoprobe-T multicollector thermal ionization mass spectrometer 
equipped with an ion-counting Daly detector. Pb isotopes were measured by peak-jumping all 
isotopes on the Daly detector for 160 cycles. For the analyses with the ET2535 tracer 
solution, Pb mass fractionation was determined by the measured 202Pb/205Pb. For analyses 
with the ET535 tracer solution, Pb mass fractionation was taken to be 0.18 ± 0.06% (2s) per 
atomic mass unit based on results from analyses with ET2535. Transitory isobaric 
interferences due to high-molecular weight organics, particularly on 204Pb and 207Pb, 
disappeared within approximately 30 cycles, while ionization efficiency averaged 104 cps/pg 
of each Pb isotope. Linearity (to ≥1.4 x 106 cps) and the associated deadtime correction of the 
Daly detector were monitored by repeated analyses of NBS982, and have been constant since 
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installation. Uranium was analyzed as UO2+ ions in static Faraday mode on 1011 ohm 
resistors for 250 cycles, and corrected for isobaric interference of 233U18O16O on 235U16O16O 
with an 18O/16O of 0.00206. Ionization efficiency averaged 20 mV/ng of each U isotope. U 
mass fractionation was corrected using the known 233U/235U ratio of the ET535 tracer 
solution.  
U-Pb dates and uncertainties were calculated using the algorithms of Schmitz 
and Schoene (2007), ET2535 and ET535 tracer solution calibrations (Condon et al., in prep.; 
McLean et al., in prep.) of 235U/205Pb = 100.233, 233U/235U = 0.99506, 202Pb/205Pb = 0.99924 
(ET2535), and 205Pb/204Pb = 11268 (ET535) or 205Pb/204Pb = 10900 (ET2535), and U decay 
constants recommended by Jaffey et al. (1971). 206Pb/238U ratios and dates were corrected for 
initial 230Th disequilibrium using a Th/U[magma] = 3.0 ± 0.6 (2s) using the algorithms of 
Crowley et al. (2007), resulting in an increase in the 206Pb/238U dates of ~0.09 Ma. All 
common Pb in analyses (average is 0.54 pg) is attributed to laboratory blank and subtracted 
based on the measured laboratory Pb isotopic composition and associated uncertainty. U 
blanks are difficult to precisely measure, but are estimated at 0.075 pg.  
Seven to 19 dates per sample were obtained (average is nine grains). Three to nine equivalent 
dates per sample (average is seven dates) that are interpreted as representing the deposition 
age of the tuffs are included in weighted mean 206Pb/238U dates calculated using Isoplot 3.0 
(Ludwig, 2003). Errors on the weighted mean dates are the internal errors based on analytical 
uncertainties only, including counting statistics, subtraction of tracer solution, and blank and 
initial common Pb subtraction. They are given at the 2s confidence interval for weighted 
mean dates with probability of fit >0.05 and at the 95% confidence interval for dates with 
probability of fit <0.05. These errors should be considered when comparing our dates with 
206Pb/238U dates from other laboratories that used the same EARTHTIME tracer solution or a 
tracer solution that was cross-calibrated using EARTHTIME gravimetric standards. When 
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comparing our dates with those derived from laboratories that did not use the same 
EARTHTIME tracer solution or a tracer solution that was cross-calibrated using 
EARTHTIME gravimetric standards, a systematic uncertainty in the tracer calibration of 
0.05% should be added to the internal error in quadrature. When comparing our date with 
those derived from other decay schemes (e.g., 40Ar/39Ar, 187Re-187Os), systematic 
uncertainties in the tracer calibration and 238U decay constant (Jaffey et al., 1971) should be 
added to the internal error in quadrature. Results below are given with errors in the format of 
± x / y / z where x is the internal error, y is the error including tracer calibration uncertainty, 
and z is the error including decay constant uncertainty. Errors on the 206Pb/238U dates from 
individual analyses are given at the 2s confidence interval. 
 
4.4. U-Pb Geochronology Results 
 
Deposition ages of the tuffs are interpreted from the weighted mean dates 
given in Table 2. For full analytical results see Table 3 (on-line supporting material). Most 
samples have a few older dates that are interpreted as being from grains that were xenocrysts 
or antecrysts in the magma that produced the volcanoes or detrital grains that were 
incorporated into the tuff. Much rarer are younger dates that are interpreted as being from 
grains that suffered Pb loss that was not eliminated by chemical abrasion. 
 
TABLE 2 ABOUT HERE 
 
5. System/Series/Stage Boundary Placements in Eastern Australia 
 
5.1. Capitanian-Wuchiapingian (Guadalupian-Lopingian) boundary 
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 FIGURE 13 ABOUT HERE 
 
The Capitanian-Wuchiapingian (C-W)/Guadalupian-Lopingian (G-L) 
boundary is a GSSP defined Stage/Series boundary and is formally designated at the golden 
spike at the base of Bed 6k in the GSSP section at Penglaitan, South China, which correlates 
with the first appearance of the conodont sub-species Clarkina postbitteri postbitteri within 
an evolutionary cline (Jin et al., 2006a). The age of the G-L GSSP boundary is poorly 
constrained and is interpreted to be 259.8 +/- 0.4 Ma by Gradstein et al. (2012).  This is an 
interpolated age between a top Wordian tie point age from USA and a mid-Wuchiapingian tie 
point age from China and there is no dated tuff bed close to this boundary (see Figure 24.10 
of Gradstein et al.  2012). A new high-precision CA-TIMS date of 259.1± 0.5 Ma for a felsic 
ignimbrite near the top of the Emeishan lava succession in SW China (Zhong et al., 2014) 
suggests that the age of the G-L boundary is close to this age.  The International Commission 
on Stratigraphy's Permian Subcommission has now adopted this date for the G-L boundary 
(Angiolini, 2014). Carbonate carbon isotope data from the GSSP define a rather minor broad 
positive excursion, the peak of which essentially coincides with the GSSP defined boundary 
(Wang et al., 2004) and a very short-lived sharp peak of ~1‰ at the top of the J. granti zone 
(Chen et al., 2011). A larger negative G13C isotope excursion observed above the end-
Guadalupian mass extinction level is interpreted as a result of lower abundance of marine 
biomass after the extinction (Yan et al., 2013; Liu et al., 2013). In shallow water low-latitude 
mid-Panthalassa deposits (Kamura section, Japan) a positive excursion similar to that 
observed at the GSSP coincides with the G-L boundary (Isozaki et al., 2007b). Low-
resolution organic C-isotope data for the lower Illawarra Coal Measures in corehole PHKB1 
(Birgenheier et al., 2010 - see Fig. 13) suggests, by correlation with carbonate C-isotope data 
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from the GSSP (Hyuskens et al., 2013), that the G-L boundary could be interpreted to be 
close to the level of the Thirroul Sandstone. Apart from the limited C-isotope data, there is 
little to constrain the G-L boundary level in eastern Australia due to lack of globally 
correlatable biostratigraphy or magnetostratigraphy.  The recent U-Pb isotopic dates from the 
Karoo (Rubidge et al., 2013) unfortunately do not help much because tetrapod vertebrates are 
extremely rare in eastern Australia (Warren, 1997).  To further exacerbate matters, the 
limestones at the GSSP section are re-magnetized precluding detailed magnetostratigraphic 
correlation. 
Placement of the G-L boundary, currently interpreted to be 259.1± 0.5 Ma, at 
the level of the Thirroul Sandstone is consistent with the bracketing ages of 263.51 ± 0.05 Ma 
for the top Broughton Formation and 254.86 ± 0.03 Ma for the Huntley Claystone (Fig. 13). 
This level also correlates with the P4 glacial episode, and is coincident with both eastern 
Australian and global major regression and low sea level stand at that time (Fig. 13).  This 
position seems more consistent with global climatic shifts that may be linked to the Emeishan 
LIP which has both intrusives and extrusives limited to the time interval 260-259 Ma 
(Shellnut et al., 2012; Zhong et al., 2014; Fig. 13). 
 
6.2. Wuchiapingian-Changhsingian boundary 
 
The Wuchiapingian-Changhsingian boundary is defined in the GSSP section at 
a point in the lower part of Bed 4 (base of 4a-2) 88 cm above the base of the Changxing 
Limestone at Meishan D section, China (Jin et al., 2006b). The base Changhsingian is 
recognised at the GSSP by the First Appearance Datum (FAD) of the conodont Clarkina 
wangi Zhang. The base of the Changhsingian is dated at 254.2 Ma (Shen et al., 2011; 
Gradstein et al, 2012) and equates approximately with the level of the Kembla Sandstone 
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horizon in the southern Sydney Basin by interpolation between dates of 254.86±0.03 Ma 
(Huntley Claystone) and 254.10±0.07 Ma (Farmborough Claystone), see Fig. 13.  In the 
Newcastle and Hunter coalfields area of the northern Sydney Basin, the Wuchiapingian-
Changhsingian boundary can be placed within the middle part of the Newcastle (Wollombi) 
Coal Measures (Fig. 14). In the Bowen Basin, seven new high-precision U-Pb CA-TIMS 
ages of tuffs from core samples of the Meeleebee 5 exploration well determine the placement 
of the Wuchiapingian-Changhsingian boundary in the middle part of the Black Alley Shale 
interpolated between tuff ages of 254.10±0.05 Ma and 254.34±0.08 Ma (Fig. 12). 
 
FIGURE 14 ABOUT HERE 
 
6.3. Permian-Triassic boundary 
 
Global studies of the P-T transition in complete sequences, and definition of 
the Permian-Triassic boundary at the GSSP section at Meishan, China (Yin et al., 2001) now 
place the main mass extinction horizon in the latest Permian (late Changhsingian). The P-T 
boundary as currently defined at the GSSP in China is placed at the base of Bed 27c 
coinciding with the first appearance of the conodont species Hindeodus parvus (Kozur and 
Pjatakova).  This level is 16 cm above the main mass extinction level in the condensed 
Meishan section D (Yin et al., 2001; Jin et al., 2000; Shen et al., 2011) but up to tens of 
meters above the extinction level in other expanded sections. The time difference between 
mass extinction and GSSP level is currently estimated at between 60 and 110 Ka (Shen et al., 
2011; Burgess et al., 2014). 
The P-T boundary and mass extinction levels in Eastern Australia occur in 
foreland basin non-marine strata and broadly coincide with a major change in 
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sedimentological regime from coal-bearing peat mire strata to overlying braided river 
sandstone-dominated "red bed" sequences devoid of coal (Foster et al., 1998; Michaelsen, 
2002). The top of the Permian has traditionally been taken at the top of the youngest coal.  
Biostratigraphically the P-T boundary in Eastern Australia (Fig. 15) has been interpreted to 
occur where the Permian Glossopteris flora (and its representative striated pollen) disappear 
(become extinct) and are replaced suddenly by the Dicroidium seed fern flora (Retallack, 
1995). It has been estimated that the vast majority (c. 95%) of peat-producing plants became 
extinct at this level which is placed at the boundary between the Rangal Coal 
Measures/Bandanna Formation and the Rewan Group in the Bowen Basin (Fig. 12; 
Michaelsen, 2002). The equivalent horizon in the Sydney Basin (Figs 13, 14 and 15) occurs 
at the boundary between the Illawarra/Newcastle Coal Measures and Narrabeen Group and in 
the Gunnedah Basin between the Black Jack Group and the Digby Sandstone Formation 
(Pratt, 1998). Significant changes in palaeosol types representing major changes in 
environments and ecosystems at the mass extinction level in the Sydney Basin (Retallack, 
1999; 2013) are also recorded. Palynological studies have established a series of palynozones 
in the Permian-Triassic (Fig. 15) but correlation of these zones with global P-T transitional 
sequences has proved tenuous at best (Foster et al., 1998).  Major changes in palynomorph 
compositions are however recognised at the extinction level including a dramatic increase in 
acritarchs which are interpreted to reflect major climatic changes at this level (Retallack, 
1995; Foster et al., 1998). Stable carbon isotope data (Fig. 16) provides an additional proxy 
constraint on the end-Permian mass extinction level.  The globally recognised negative δ13C-
isotope excursion has been recognised in Australia in both non-marine and marine sequences 
(Morante and Herbert, 1994; Morante et al., 1994; Morante, 1995, 1996; Hansen et al., 2000; 
Thomas et al., 2004; Grice et al., 2005; Williams et al., 2012). In Eastern Australia the δ13C-
isotope negative excursion occurs in the basal part of the Rewan Group in the Bowen Basin 
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and within the Protohaploxypinus microcorpus palynology zone (Morante 1995) (Fig. 16) 
interpreted to be of late Changhsingian age (Metcalfe et al., 2008).  In the Sydney Basin, the 
δ13C-isotope negative excursion occurs at the top of the Newcastle Coal Measures in the 
northern Sydney Basin (Morante, 1996) and in the lower Wombarra Claystone 1 m above the 
top of the Bulli Coal in the southern Sydney Basin (Williams et al., 2012; Fig. 13; Fig. 16). 
These excursions in the Sydney Basin correspond to the mass extinction level. 
 
FIGURE 15 ABOUT HERE 
 
FIGURE 16 ABOUT HERE 
 
The P-T boundary in Western Australia occurs in shallow-marine sequences known only in 
the sub-surface but which have been penetrated by a number of exploratory boreholes. 
Palynological zones (Eyles et al, 2002) are broadly comparable to those of Eastern Australia 
(Fig. 16) but the occurrence of international marine biostratigraphically useful biota (such as 
conodonts and ammonoids) are rare (Metcalfe et al., 2008). Fusulinids are absent from 
Australian marine strata. Biostratigraphic, chemostratigraphic and biomarker studies of 
borehole cores from the Permian-Triassic transition in the Perth Basin indicate that the main 
mass extinction level corresponds to the Inertinitic-Sapropelic intervals boundary in the 
Hovea Member of the lower Kockatea Shale Formation which corresponds to the P. 
microcorpus palynology zone and that the GSSP defined P-T boundary is located in the basal 
part of the Sapropelic interval corresponding to the lower part of the Kraeuselisporites 
saeptatus palynology zone (Thomas et al., 2004; Metcalfe et al., 2008; Gorter et al., 2009).  
The P-T transition was penetrated in a series of boreholes in the Paradise area of the Canning 
Basin and the P-T boundary was interpreted to coincide with the boundary between the 
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Hardman Formation and overlying Blina Shale based on the δ13C-isotope negative excursion 
at this level which also occurs within the P. microcorpus palynology zone (Morante, 1996; 
Gorter et al., 2009). This level is here interpreted as the late Changhsingian mass extinction 
level.  Similarly in the Bonaparte Basin, the mass extinction level is recognised by the δ13C-
isotope negative excursion occurring in the basal Mt. Goodwin Formation of borehole 
Fishburn 1 and in the Penguin Formation of borehole Tern 3 (Fig. 16) and within the P. 
microcorpus palynology zone (Morante, 1996; Gorter et al., 2009). There is an interpreted 
unconformity at the base of the P. microcorpus palynology zone in the Bonaparte Basin. 
The P-T boundary (GSSP level) was dated at 252.17 Ma at the GSSP by Shen et al. (2011) 
but more recently revised to 251.902 ± 0.024 by Burgess et al. (2014) using EARTHTIME 
202Pb-205Pb-233U-235U tracer solution, changes in the isotopic compositions of standards 
used to calibrate the tracer, and new error propagation algorithms for the dating of bracketing 
tuffs. The P-T GSSP defined boundary is placed approximately at the level of the 
Scarborough Sandstone in the southern Sydney Basin (Fig. 13) based on interpolation 
between ages of tuffs in the Wongawilli Coal (253.59±0.05 Ma), lower Bulli Coal 
(252.60±0.04 Ma) and Garie Formation late Olenekian ages (248.23±0.13 Ma; 247.87±0.11 
Ma). The mass extinction level, slightly older than the GSSP defined P-T boundary, is here 
equated with the base of the Coal Cliff Sandstone (Fig. 15), corresponding to extinction of 
the Glossopteris flora (Retallack, 1995) and negative carbon isotope excursion (Morante, 
1996; Birgenheier et al., 2010; Williams et al., 2012).  There appears to be no significant 
unconformity/break at the base of the Coal Cliff Sandstone (Herbert, 1997). According to 
Herbert (1997) the P. microcorpus palynology zone extends up to the upper part of the 
Wombarra Claystone indicating that the P-T boundary is above this within the lower part of 
the L. pellucidus zone within the Scarborough Sandstone. This placement is consistent with 
an interpolated P-T boundary age of c. 252 Ma in the Southern Sydney Basin, and latest 
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Permian dates in the Newcastle-Hunter region of the northern Sydney Basin here presented. 
In addition, this age is also consistent with a date of 252.2 ± 0.4 Ma for a tuff at the top of the 
Bandanna Formation in the Bowen Basin (Mundil et al., 2006) which overlaps within error 
with the Permian-Triassic boundary age at the GSSP. The base of the Triassic in the Bowen 
Basin has traditionally been placed at the boundary of the coal-bearing Blackwater Group and 
the base of the Rewan Group (1 m above the dated level). The P-T mass extinction would be 
placed at the level of extinction of wetland coal forming plants (Glossopteris flora) and just 
above the last Permian coal in the basin near the top of the laterally equivalent Rangal Coal 
Measures and Bandanna Formation. Correlation with marine P-T transitional strata in the 
Perth basin of Western Australia is consistent with a placement of the P-T GSSP level in the 
lower part of the L. pellucidus zone (Metcalfe et al., 2008). 
 
6.4. Induan-Olenekian boundary 
 
The Induan-Olenekian boundary is dated at 251.3 Ma by Mundil et al. (2010) 
and at 251.22 ± 0.20 Ma (Ovtcharova et al., 2006; Burgess et al., 2014) but at 250.00 Ma in 
the new Geologic Timescale 2012 (Gradstein et al., 2012).  The new younger age for this 
boundary in Gradstein et al. (2012) is based on cyclo/magnetostratigraphy and ammonoid 
data.  A robust age for this boundary awaits resolution of problems correlating ammonoid and 
conodont biostratigraphy and robust callibration of cyclo/magnetostratigraphy. 
Due to the apparent lack of tuffs at this interval in Australia, the Induan-
Olenkian boundary is placed within the Narrabeen Group and is tentatively suggested by 
interpolation to be in the Bulgo Sandstone in the southern Sydney Basin (Fig. 13). 
 
6.5. Olenekian-Anisian (Lower-Middle Triassic) boundary 
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 Two dates from the Garie Formation (Fig. 13) in the southern Sydney Basin 
(248.23±0.13 Ma; 247.87±0.11 Ma) are slightly older than the Olenekian-Anisian boundary 
dated at 247.2 Ma (Mundil et al., 2010; Gradstein et al., 2012) and indicate that the O-A 
boundary should be placed slightly above this level, possibly at the base of the Hawksbury 




7.1. Nature and age of the end-Guadalupian extinction. 
 
The global nature of the end-Guadalupian mass extinction is questionable. 
Some extreme viewpoints have even suggested that there is no evidence for an end-
Guadalupian mass extinction based on diversity trends (Clapham et al., 2009). Where 
continuous deposition can be demonstrated in low-latitude palaeoequatorial settings (as at the 
G-L GSSP section in China) the mass extinction pre-dates the newly defined base 
Wuchiapingian and occurs within the Capitanian. The Capitanian mass extinction affects a 
range of shallow-marine biota including algae, foraminifera, corals, brachiopods, crinoids, 
sponges, gastropods and conodonts, and these extinctions occur approx. 2 m below the 
defined G-L GSSP level (Jin et al., 2006b; Kaiho et al., 2005). There is however significant 
debate regarding the nature and level of the mass extinction and different groups of fossils 
appear to have turnover at different levels with rugose coral and brachiopod extinctions 
occurring significantly before the step-wise extinctions of fusulinids, conodonts and 
ammonoids (Shen and Shi, 2009). Wignall et al. (2009a, 2009b) place the extinction interval, 
based on studies of the Gouchang section, central Guizhou, as equating with the upper J. 
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shannoni and J. altudaensis conodont zones and hence as mid-Capitanian in age and 
immediately overlain by Emeishan LIP basalts. This proposed extinction level is different to 
the generally accepted one in the upper Capitanian. The age and duration of the Emeishan 
LIP basalts is poorly constrained but recent data using CA-TIMS (Shellnut et al., 2012; 
Zhong et al., 2014) suggests that volcanism spans the interval c. 260-259 Ma (latest 
Capitanian) rather than a mid-Capitanian age suggested by Wignall et al. (2009a, 2009b).  
Accepting a 260-259 Ma duration for the Emeishan LIP basalts and a G-L boundary age 
close to 259.1 ± 0.5 Ma as suggested by Zhong et al. (2014) a causative link between the 
Emeishan LIP and the Capitanian extinctions seen in China is inferred. Isozaki (2009) has 
suggested a link between the end-Guadalupian extinction and a superplume that triggered 
Pangean breakup. More equivocal is whether the extinction is global in nature and if it can be 
recognised in terrestrial sequences and at high latitudes. Recent data from the Karoo 
Supergroup, South Africa (Rubidge et al., 2013) provides a temporal framework for Middle-
Late Permian vertebrate records in Gondwana. There appear to be no significant vertebrate 
extinctions in the Middle-Late Permian of the Karoo and the G-L boundary interval and 
Emeishan LIP equate with the Tropidostoma zone based on five high-resolution CA-TIMS 
dates of volcanic ashes. There appears to be no evidence for terrestrial or marine extinctions 
in southern hemisphere Gondwana related to the Emeishan LIP or low-latitude marine 
extinctions in the northern hemisphere. Proposed causative mechanisms (dramatic sea-level 
fall, volcanism, cooling) for the Capitanian extinctions appear to have affected only northern 
hemisphere low-latitude warm-climate biota. This brings into question the global nature of 
the Capitanian mass extinction. 
 
7.2. Global age of the end-Permian mass extinction: synchronous or diachronous? 
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The new high-precision geochronological data from Eastern Australia here 
presented supports an age close to 252 Ma for the end-Permian mass extinction in non-
marine eastern Gondwana sequences. This indicates that the end-Permian mass extinction in 
Australia is essentially the same age in both terrestrial and marine sequences of high-latitude 
Gondwana and in low-latitude northern hemisphere marine and terrestrial sequences 
(Metcalfe et al, 2008; Shen et al., 2011).  There appears to be little support for a diachronous 
end-Permian mass extinction (e.g. Wignall and Newton, 2003) with consequent constraints 
on causative mechanisms. Any proposed causative mechanism(s) for the end-Permian 
extinction must affect both marine and terrestrial environments in both high and low latitudes 
and over a short period of time.  A global climate-change scenario involving combined 
multiple causative mechanisms, including massive volcanism (Siberian Traps), global 
warming (with global wildfires), methane release from clathrates, hypercapnia and oceanic 
anoxia and acidification, that occurred over a relatively short period of time (less than 0.5 
my), is more likely than a single causative mechanism. 
 
7.3. Calibration of major climate-change 
 
FIGURE 17 ABOUT HERE 
 
Previous attempts to internationally calibrate the age and duration of Permian 
glacial episodes in Australian Gondwana (Fielding et al., 2008a, 2008b, 2008c, 2010; Frank 
et al., 2008) have been hampered by the lack of reliable international calibration of eastern 
Australian sequences.  This was due to endemic zonal schemes and lack of reliable radio-
isotopic age tie points and paucity of chemostratigraphical and magnetostritigraphical 
international calibration.  Previous SHRIMP dating of tuffs in Eastern Australia are 
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compromised by low precision and inaccuracy due to unreliable standards (see Section 3). 
The new high-precision CA-TIMS ages for multiple tuffs in Eastern Australia here presented 
indicate that the age and duration of these glacial episodes needs revision. 
The P3 glacial episode is identified in the Sydney Basin by glaciomarine 
deposits in the Wandrawandian Siltstone and Broughton Formation of the southern Sydney 
Basin (Fig. 13) and in the Branxton Formation and Mulbring Siltstone of the Hunter Valley 
(Fig. 14) in the northern Sydney Basin (Thomas et al., 2007; Fielding et al., 2008a, 2008b, 
2008c).  Fielding et al. (2008a) suggested that this glacial episode was 273–268 Ma: late 
Kungurian to latest Roadian in age.  Our new CA-TIMS dates require the age and age-
duration of this glacial episode to be revised.  Our date for the top Broughton Formation in 
the southern Sydney Basin of 263.51 ± 0.05 Ma constrains the age of the top of P3 close to 
263.5 Ma (Fig. 13) which is consistent with its level at the top of the Mulbring Siltstone dated 
at c. 263 Ma by interpolation between our dates for the Jerrys Plains Sub-Group and Rowan 
Formation in the northern Sydney Basin (Fig. 14).  The base of P3 is constrained close to 271 
Ma based on our date of 271.60 ± 0.08 Ma from near the top of the Rowan Formation.  Based 
on our new CA-TIMS ages, the P3 glacial episode ranges from c. 271-263.5 Ma (early 
Roadian to early Capitanian in age in terms of current international timescales) and has a 
duration of c. 7.5 million years. The age of P3 is thus significantly younger than previously 
interpreted and slightly longer duration than the previously interpreted 6 million years. 
The P4 glaciation is recorded by glaciomarine facies and glendonites in some 
formations of the Illawarra Coal Measures in the southern Sydney Basin (Fielding et al., 
2008a; Fig. 13) and correlatives in New South Wales (Diessel 1992; Fielding et al., 2008a; 
Fig. 14) and in the Freitag, Ingelara and Peawaddy Formations of the Bowen Basin, 
Queensland (Fielding et al., 2008a; Fig. 12). The youngest glacial facies in the Sydney Basin 
is recorded in the Newnes Formation of the Charbon Sub-group in the Western Coalfield 
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(Fielding et al., 2008a). The top of the P4 glaciation is placed in the lower part of the Black 
Alley Shale in the Bowen Basin (Fielding et al., 2010; Fig. 12).  The age of P4 was 
interpreted as 267–260 Ma: late Wordian to late Capitanian by Fielding et al. (2008a).  The 
top of the P4 glaciation is here interpreted to be c. 254.5 Ma (late Wuchiapingian) based on a 
series of new CA-TIMS dates in the Meeleebee 5 corehole in the southern Bowen Basin (Fig. 
12) and on our date of 254.86 ± 0.03 Ma for the Huntley Claystone in the southern Sydney 
Basin (Fig. 13).  The base of the P4 glaciation is placed at the base of the Erins Vale 
Formation by Fielding et al. (2008a) and this level is dated at c. 260 Ma based on our tuff 
ages in the Sydney Basin (Figs 13 and 14).  The age of the P4 glaciation is interpreted here to 
be 260-254.5 Ma (late Capitanian to mid Wuchiapingian) which is significantly younger than 
the previously interpreted age, and to have a shorter duration of c. 5.5 million years compared 
to the previous estimate of 7 million years. 
The package of strata showing no glacial related facies between P3 and P4 
glacial episodes is estimated to represent approximately 3.5 million years, more than three 
times the previous estimate of c. 1 million years (Fielding et al., 2008a). 
The P1 and P2 ice sheet glacial episodes, whilst not constrained by any new 
dates at this time, are interpreted as Asselian- early Sakmarian and late Sakmarian-early 
Artinskian respectively (Fielding et al., 2010) and the major phase of late Palaeozoic 
deglaciation in Gondwana occurred in the Artinskian-Kungurian. 
A number of greenhouse (high CO2 levels) crises have been identified or 
interpreted in the Permian-Triassic sequences of Eastern Australia based on stomatal indices 
of seed ferns, sclerophylly of plants and isotopic composition of pedogenic carbonate in 
paleosols (Retallack, 2005, 2013; Retallack et al., 2011).  The age and correlation of these 
greenhouse crises in Eastern Australia was underpinned by an inadequate temporal 
framework and tied to now out-dated international timescales. The use of SHRIMP dates 
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based on the unreliable SL13 standard (e.g. in Retallack et al., 2011) is considered untenable.  
We here calibrate some of the identified greenhouse crises using new high-precision CA-
TIMS dates.  We date the crisis identified in the uppermost Pebbley Beach and Rowan 
Formations of the Sydney Basin as early middle Roadian (Figs 13 and 17) rather than basal 
Roadian as indicated by Retallack (2013).  We confirm a mid-Capitanian age for the crisis at 
the base of the Illawarra/Whittingham Coal Measures based on our date of 263.51 for the 
Broughton Formation and this correlates with the short interglacial episode between P3 and 
P4 alpine glaciations (Figs 13 and 17).  Greenhouse crises in the upper Illawarra/Newcastle 
Coal Measures and lower Narrabeen Group of the Sydney Basin (straddling the Permian-
Triassic boundary) are dated as upper Changhsingian-Induan, and in the upper Narrabeen 
Group/lower Hawksbury Sandstone dated as upper Olenekian, correspond to hot climatic 
peaks indicated by conodont oxygen isotope data following the post mass extinction global 




• The Capitanian-Wuchiapingian/Guadalupian-Lopingian boundary is located at the 
level of the Thirroul Sandstone in the Sydney Basin, corresponds to the middle of the P4 
glacial episode, and is coincident with the Emeishan large igneous province and the major 
regression and low sea level stand at that time. 
 
• The Wuchiapingian-Changhsingian boundary is interpreted to be at the level of the 
Kembla Sandstone in the southern Sydney Basin, within the middle part of the Newcastle 
(Wollombi) Coal Measures in the Newcastle and Hunter coalfields area of the northern 
Sydney Basin, and in the middle part of the Black Alley Shale of the southern Bowen Basin. 
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 • The Permian-Triassic boundary (GSSP level) is placed approximately at the level of 
the Scarborough Sandstone in the southern Sydney Basin and within the Sagittarius 
Sandstone (lower Rewan Group) in the Bowen Basin. 
 
• The Induan-Olenekian boundary is interpreted to be within the Bulgo Sandstone of 
the Narrabeen Group in the southern Sydney Basin. 
 
• The Olenekian-Anisian boundary is placed at the base of the Hawksbury Sandstone in 
the Sydney Basin. 
 
• There appears to be no evidence for terrestrial or marine extinctions in southern 
hemisphere Gondwana related to the Emeishan LIP or low-latitude marine extinctions in the 
northern hemisphere. Proposed causative mechanisms (dramatic sea-level fall, volcanism, 
cooling) for the Capitanian extinctions appear to have only affected northern hemisphere 
low-latitude warm-climate biota. 
 
• Our new CA-TIMS data suggests that the P3 glacial episode is c. 271-263.5 Ma (early 
Roadian to early Capitanian) in age, and the P4 glacial episode is 260-254.5 Ma (late 
Capitanian to mid Wuchiapingian) in age. The durations of P3 and P4 glacial episodes are 
estimated at 7.5 and 5.5. million years respectively. 
 
• The isotope geochronological framework here presented allows new estimates for the 
ages of Permian-Triassic greenhouse crises in the Sydney Basin. The crisis in the uppermost 
Pebbly Beach and Rowan Formations of the Sydney Basin is dated as early mid Roadian 
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rather than basal Roadian.  A mid-Capitanian age for the crisis at the base of the 
Illawarra/Wittingham Coal Measures is confirmed and this correlates with the short 
interglacial episode between P3 and P4 alpine glaciations.  Greenhouse crises in the upper 
Illawarra/Newcastle Coal Measures and lower Narrabeen Group of the Sydney Basin 
(straddling the Permian-Triassic boundary) are dated as upper Changhsingian-Induan, and in 
the upper Narrabeen Group/lower Hawksbury Sandstone are dated as upper Olenekian, 
corresponding to hot post mass extinction climatic peaks indicated by conodont oxygen 
isotope data. 
 
• The end-Permian mass extinction is essentially the same age in both terrestrial and 
marine sequences of high-latitude Gondwana and in low-latitude northern hemisphere marine 
and terrestrial sequences. 
 
• A global climate-change scenario for the end-Permian mass extinction, involving 
combined multiple causative mechanisms, including massive volcanism (Siberian Traps), 
global warming (with global wildfires), methane release from clathrates, hypercapnia and 
oceanic anoxia and acidification, that occurred over a relatively short period of time (less 
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Figure and Table Captions 
 
Fig. 1. A: Palaeogeographic map for the Late Permian (260 Ma) showing the location of 
Australia at the eastern convergent margin of Gondwanaland facing the Panthalassan Ocean 
(after Powell 1996; Li & Powell 2001; Waschbusch et al, 2009; Metcalfe, 2013). ARA = 
Arabia, PNG = Papua New Guinea, SWB = South West Borneo.  B: Map of eastern Australia 
showing locations of Permian sedimentary basins (shaded green) and location of maps 
showing sample locations of Fig. 3 (red boxes). 
 
Fig. 2. Comparison of SL13 standard based SHRIMP ages and uncertainties reported by Carr 
et al. (2003) and Retallack et al. (2011) compared to the CA-TIMS ages and uncertainties of 
this study using zircons plucked from the original SHRIMP mounts. 
 
Fig. 3. Maps showing locations of dated tuff samples. A: Sydney Basin.  B: Southern Bowen 
Basin. See Fig. 1B for regional geographic location. 
 
Fig. 4. Stratigraphic section exposed in freeway cutting on the Great Southern Highway, 
Bulli Tops, near Wollongong (GPS S34 19.721 E 150 52.580) showing Bulli 5 and PCF17 
sample horizon. 
 
Fig. 5. Stratigraphic section of the Bulli Coal Seam in Excel Metropolitan DDH3 at 
Metropolitan Colliery (GPS S34.187047 E150.992334) showing the sampled tuff in the lower 
part of the Bulli Seam. 
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Fig. 6. Stratigraphic interval in Centennial PN072 sampled for the Nobbys Tuff. The sampled 
interval in the upper part of the Nobbys Tuff is shown by boxed interval on core photo. 
 
Fig. 7. Stratigraphic interval in Mandalong DDH95 sampled for the Awaba Tuff. The 
sampled interval in the upper part of the Awaba Tuff is shown by boxed interval on core 
photo. 
 
Fig. 8. Stratigraphic sequence of the Upper Pilot, Fassifern and Great Northern Seams at 
Myuna and Mannering Collieries and stratigraphic position of the dated tuff Myuna 2 within 
the Great Northern Seam. 
 
Fig. 9. Stratigraphic interval in Myuna DDH45 sampled for the Mannering Park Tuff. The 
sampled interval is shown by boxes on core photo. 
 
Fig. 10. Sample horizons and GPS locations of dated samples M2, M3 and M4 from the 
Mangoola Mine (North Pit). 
 
Fig. 11. Lithogical column for the Wallabella Coal Member of the Tinowon Formation in the 
Myall Creek 3 core hole showing the sampled tuff horizon. After Collins (2009).  
 
Fig. 12. Sample locations and weighted mean U-Pb CA-TIMS ages of tuffs in the 
continuously cored Meeleebee 5 exploration well, southern Bowen Basins. Plots show 
individual zircons (red) used in weighted mean calculation and rejected zircon ages (blue). 
Uncertainties are 2σ internal. The Wuchiapingian-Changhsingian stage boundary is 
unequivocally placed in the middle part of the Black Alley Shale. The important Mantuan 
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Productus Beds marine marker horizon and upper part of the P4 glacial episode (Fielding et 
al., 2008a) are also shown.  
 
Fig. 13. Weighted mean U-Pb CA-TIMS ages of tuffs in the southern Sydney Basin. Plots 
show individual zircons (red) used in weighted mean calculation and rejected zircon ages 
(blue). Uncertainties are 2σ internal. Formation thicknesses are average values. Permian-
Triassic timescale compiled from Mundil et al. (2004), Ovtcharova et al. (2006), Lehrmann et 
al. (2006), Galfetti et al. (2007), Mundil et al. (2010), Shen et al. (2010), Shen et al. (2011), 
and Gradstein et al. (2012). Glacial phases from Fielding et al. (2008), greenhouse crises 
from Retallack et al. (2011) and Retallack (2013), carbon isotope curves for the 
Wuchiapingian from Birgenheier et al. (2010) and for the late Changhsingian from Williams 
et al. (2012). Age ranges of Siberian Traps and Emeishan volcanism from Renne (1995), 
Renne et al. (1995), Reichow et al. (2009) Kamo et al. (1996, 2003), Mundil et al. (2004), 
Shellnut et al. (2012) and Zhong et al. (in press). 
 
Fig. 14. New high precision CA-TIMS weighted mean ages of tuffs plotted against 
representative stratigraphies for the Newcastle Coal Measures in the Newcastle coal field 
(Crapp and Nolan, 1975; Ives et al., 1999) and Hunter coal field (Creech et al., 2004) and 
generalized Permian-Early Triassic stratigraphy for the Hunter coal field (Tadros, 1999). Age 
uncertainties are 2σ internal. Red bars are zircons included in the weighted mean calculation, 
blue bars are zircons interpreted to be inherited or detrital or to still exhibit lead loss. Permian 
timescale compiled from Mundil et al. (2004), Shen et al. (2010), Shen et al. (2011), 
Gradstein et al. (2012) and Zhong et al (in press). 
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Fig. 15. Palynomorph and megaplant zones, leaf plant diversity and affinities, and peat-
forming plant abundance in the late Permian-middle Triassic of the Sydney and Bowen 
basins, Eastern Australia. The late Changhsingian mass extinction level and interpreted 
position of the GSSP-defined Permian-Triassic boundary and the new high-precision U-Pb 
tuff dates from the Sydney Basin at this level are also shown. U-Pb tuff date for the top 
Bandanna Formation is from Mundil et al. (2006). Partly after Retallack (1995) and 
Michaelesen (2002). 
 
Fig. 16. Late Permian-Early Triassic δ13Corg data and palynozones for the Perth, Canning and 
Bonaparte basins, Western Australia and the Sydney and Bowen basins, Eastern Australia.  
The late Changhsingian mass extinction interval corresponds to the marked negative δ13Corg 
excursion which occurs in the P. microcorpus palynozone. Stable carbon isotope data are 
from Morante and Herbert (1994), Morante et al. (1994), Morante (1995, 1996) Hansen et al. 
(2000), Thomas et al. (2004), Grice et al. (2005) and Williams et al. (2012). 
 
Fig. 17. Chronostratigraphic calibration and correlation of eastern Australian Permian-Early 
Triassic sequences, carbon and oxygen isotope records, sea-surface temperature variations, 
glacial episodes, sea-level changes, large igneous province (LIP) volcanism and 
magnetostratigraphy. Geological timescale from Gradstein et al. (2012). Glacial stages 
modified after Fielding et al. (2008a). Carbon isotopes for Sydney Basin from Birgenheier et 
al. (2010); for Shangsi, China from Shen et al. (2013); and for the Bowen Basin from 
Morante (1996). Oxygen isotopes and interpreted sea-surface temperatures for carbonate of 
brachiopod shells from Korte et al. (2005a, 2005b, 2008) and for apatite of conodonts from 
Goudeman et al. (2013). Greenhouse crises after Retallack (2005) and Retallack et al. (2011). 
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Sea-level transgression-regression cycles and magnetostratigraphy from Henderson et al. 
(2012) and Ogg (2012). 
 
Table 1. Tuff sample locality details. 
 
Table 2. Weighted mean dates interpreted as depositional ages of tuff samples and 
uncertainties (x is the internal error, y is the error including tracer calibration uncertainty, and 
z is the error including decay constant uncertainty). MSWD = Mean square weighted 
deviation. POF = Probability of fit. See Figs 12, 13 and 14 for weighted mean age plots. 
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Sample 2m from top of Broughton Fm. 
This sample re-dated from original 
SHRIMP mount (Retallack et al., 2011). 
PCW266 GA2168093 S34.185243 
E150.884432 
Tower DDH 








This sample re-dated from original 
SHRIMP mount (Retallack et al., 2011). 
Sample was reported as from "Nattai 
River" but location from Tower DDH20 
provided by Brian Jones (Pers. Comm.) 










This sample re-dated from original 
SHRIMP mount (Retallack et al., 2011) 









Tuff 1 m above Farmborough Claystone. 
This sample re-dated from original 
SHRIMP mount (Retallack et al., 2011) 




N/A Bulli Coal 
Seam, Illawarra 
Coal Measures 
Thin (1-2 cm thick) tuff in lower part of 
Bulli Seam, 0.61 m above base of Bulli 
Coal (see Fig. 5) 







Middle part of a 1.8 m thick felsic tuff 
near the base of the Garie Formation. For 
sample location details see Fig 4. 







This sample re-dated from original 
SHRIMP mount (Retallack et al., 2011) 





171.57 - 172.67 Nobbys Tuff, 
Newcastle Coal 
Measures 
Regional marker tuff in the lower part of 
the Newcastle Coal Measures. For sample 
location details see Fig 6. 






284.63 - 285.44 Awaba Tuff, 
Newcastle Coal 
Measures 
Uppermost part of the 11.39 m thick 
Awaba tuff was sampled (see Fig. 7) 









A tuff in the Middle part of the Great 
Northern Seam was sampled and dated. 
For sample location details see Fig 8. 










This 1 m thick tuff occurs directly beneath 
the Wallarah Coal (Fig. 9). 
GA2152418 GA2152418 S33.1774139, 
E151.6297194 
Ghosties Beach N/A Cowper Tuff, 
Newcastle Coal 
Measures  
Sample was collected below the Karignan 
Conglomerate and above Wallarah Coal 
seam in outcrop at Ghosties Beach (Fig. 3) 




Creek DDH 32 
266.91 - 267.07 Rowan Fm, 
Newcastle Coal 
Measures 
Upper part of Rowan Formation, 
approximately 11 m below the top of the 
Rowan Formation 




595.9 - 596.21 Fairford Fm, 
Wittingham 
Coal Measures 
Lower part of Jerrys Plains Subgroup 




Mine, SSW of 
Muswellbrook 
N/A Fairford Fm, 
Wittingham 
Coal Measures 
This sample re-dated from original 
SHRIMP mount (Retallack et al., 2011) 









Regional marker tuff in the lower part of 
the Newcastle Coal Measures. See Creech 
et al. (2004) for relevant stratigraphic 
section. 





N/A Upper Pilot 
Coal A 
interbeds 
For sample location details see Fig 10. 





N/A Fassifern Lower 
Seam 
For sample location details see Fig 10. 




N/A Awaba Tuff 
(lower part) 
For sample location details see Fig 10. 
Regional marker tuff in the upper part of 
the Newcastle Coal Measures 
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94.92 - 95.2 Awaba 
(Nalleen) Tuff 
(lower part) 
Regional marker tuff in the upper part of 
the Newcastle Coal Measures. See Creech 











34 cm thick air fall tuff near the base of an 
8.6 m thick re-worked tuffaceous 
sst/mudstone unit within the Wallabella 
Coal. See Fig. 11. 






Tinowon Fm Upper part of Tinowon (see Fig. 12) 








Lower part of Black Alley (see Fig. 12) 








Basal part of Kaloola Mbr (see Fig. 12) 








Lower part of Kaloola Mbr (see Fig. 12) 








Middle part of Kaloola Mbr (see Fig. 12) 








Middle part of Kaloola Mbr (see Fig. 12) 








Top of Kaloola Mbr (see Fig. 12) 
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Table 2. Weighted mean dates interpreted as depositional ages of tuff samples and 
uncertainties (x is the internal error, y is the error including tracer calibration 
uncertainty, and z is the error including decay constant uncertainty). MSWD = Mean 
square weighted deviation. POF = Probability of fit. 
Sample No. Age 
(Ma) 
x y z MSWD POF Comments 
PCF16 263.51 ± 0.05 ± 0.14 ± 0.31 0.6 0.72 Six youngest dates yield a weighted mean date of 263.51 Ma. 
Three older dates from two grains are 263.67 ± 0.09 to 263.76 ± 
0.30 Ma. 
PCW266 254.86 ± 0.03 ± 0.13 ± 0.30 1.2 0.30 Seven youngest dates yield a weighted mean date of 254.86 Ma. 
Three older dates are 255.01 ± 0.07 to 255.18 ± 0.09 Ma. 
PCF23 254.10 ± 0.12 ± 0.18 ± 0.32 2.2 0.04 Seven youngest dates yield a weighted mean date of 254.10. 
Three older dates are 254.46 ± 0.32 to 254.90 ± 0.21 Ma. 
PCF24 253.59 ± 0.05 ± 0.14 ± 0.30 0.3 0.95 Eight dates yield a weighted mean date of 253.59 Ma.  
SB27 252.60 ± 0.04 ± 0.13 ± 0.30 1.6 0.15 Six dates yield a weighted mean date of 252.60 Ma. Three older 
dates are 252.97 ± 0.17 to 253. 07 ± 0.09 Ma. Seven younger 
dates are 252.32 ± 0.09 to 251.29 ± 0.10 Ma. 
Bulli 5 248.23 ± 0.13 ± 0.18 ± 0.32 2.2 0.03 Eight dates yield a weighted mean date of 248.23 Ma. 
PCF17 247.87 ± 0.11 ± 0.16 ± 0.31 0.6 0.71 Six youngest dates yield a weighted mean date of 247.87 Ma. 
Two older dates are 263.26 ± 0.51 and 326.35 ± 0.45 Ma. 
GA2031204 255.26 ± 0.07 ± 0.14 ± 0.31 2.2 0.04 Seven youngest dates yield a weighted mean date of 255.26 Ma. 
One older date is 255.49 ± 0.09 Ma. 
GA2031203 253.25 ± 0.04 ± 0.13 ± 0.30 0.9 0.54 Eight youngest dates yield a weighted mean date of 253.25 ± 
0.04 Ma. One older date is 253.47 ± 0.12 Ma. 
Myuna 2 252.85 ± 0.12 ± 0.17 ± 0.32 0.3 0.74 Three youngest dates yield a weighted mean date of 252.85 Ma. 
Four older dates are 255.00 ± 0.19 to 294.73 ± 0.60 Ma. 
GA2055445 252.70 ± 0.05 ± 0.13 ± 0.30 1.9 0.06 Eight youngest dates yield a weighted mean date of 252.70 Ma. 
One older date is 340.10 ± 1.14 Ma. 
GA2152418 252.78 ± 0.07 ± 0.14 ± 0.30 1.8 0.12 Six oldest dates yield a weighted mean date of 252.78 Ma. One 
younger date is 251.85 ± 0.16 Ma. 
GA2031207 271.60 ± 0.08 ± 0.15 ± 0.33 1.3 0.25 Seven youngest dates yield a weighted mean date of 271.60 Ma. 
One older date is 274.33 ± 0.90 Ma. 
GA2005149 257.43 ± 0.06 ± 0.14 ± 0.31 1.4 0.20 Seven youngest dates yield a weighted mean date of 257.43 ± 
0.06 Ma. Three older dates are 258.03 ± 0.17 to 258.11 ± 0.14 
Ma. 
PCF18 257.04 ± 0.06 ± 0.14 ± 0.31 1.6 0.14 Eight youngest dates yield a weighted mean date of 257.04 Ma. 
Two older dates are 257.22 ± 0.11 and 257.53 ± 0.34 Ma. 
GA2005146 255.02 ± 0.03 ± 0.13 ± 0.30 0.6 0.14 Seven youngest dates yield a weighted mean date of 255.02 Ma. 
Three older dates are 255.16 ± 0.07 to 255.36 ± 0.08 Ma. 
M4 253.55 ± 0.06 ± 0.14 ± 0.30 1.0 0.46 Seven youngest dates yield a weighted mean date of 253.55 Ma. 
One older date is 254.04 ± 0.20 Ma. 
M3 253.38 ± 0.08 ± 0.15 ± 0.31 1.8 0.11 Six dates yield a weighted mean date of 253.38 ± 0.08 Ma. Two 
older dates are 253.76 ± 0.22 and 253.80 ± 0.24 Ma. One 
younger date is 252.57 ± 0.19 Ma. 
M2 253.21 ± 0.06 ± 0.14 ± 0.30 1.0 0.39 Seven dates yield a weighted mean date of 253.21 Ma. One older 
date is 255.34 ± 0.16 Ma. Two younger dates are 252.53 and 
252.92 ± 0.16 Ma. 
GA2005145 253.14 ± 0.04 ± 0.13 ± 0.30 1.7 0.11 Seven dates yield a weighted mean date of 253.14 ± 0.04 Ma. 
One older date is 253.29 ± 0.08 Ma. Two younger dates are 
252.92 ± 0.08 and 252.92 ± 0.13 Ma. 
Myall Creek 
3 
256.50 ± 0.04 ± 0.13 ± 0.30 0.8 0.59 Eight youngest dates yield a weighted mean date of 256.50 Ma. 
Four older dates are 256.55 ± 0.10 to 259.16 ± 0.58 Ma. 
GA2122736 256.01 ± 0.04 ± 0.13 ± 0.30 1.5 0.21 Four youngest dates yield a weighted mean date of 256.01 Ma. 
Six older dates are 256.21 ± 0.13 to 256.47 ± 0.08 Ma. 
GA2122738 254.34 ± 0.08 ± 0.15 ± 0.31 0.1 0.98 Five youngest dates yield a weighted mean date of 254.34 Ma. 
Two older dates are 254.84 ± 0.16 to 300.31 ± 0.55 Ma. 
GA2122742 254.10 ± 0.05 ± 0.13 ± 0.30 1.9 0.09 Six dates yield a weighted mean date of 254.10 Ma. Two older 
dates are 254.49 ± 0.09 and 255.22 ± 0.10 Ma. Two younger 
dates are 253.56 ± 0.12 and 253.75 ± 0.08 Ma. 
GA2122744 253.81 ± 0.03 ± 0.13 ± 0.30 1.4 0.21 Seven youngest dates yield a weighted mean date of 253.81 Ma. 
Three older dates are 253.95 ± 0.08 to 254.25 ± 0.09 Ma. 
GA2122747 253.59 ± 0.12 ± 0.17 ± 0.32 2.6 0.04 Five youngest dates yield a weighted mean date of 253.59 Ma. 
Three older dates are 254.34 ± 0.09 to 259.13 ± 1.07 Ma. 
GA2122748 253.32 ± 0.03 ± 0.13 ± 0.30 1.2 0.27 Nine dates yield a weighted mean date of 253.32 Ma.  
GA2122750 252.54 ± 0.04 ± 0.13 ± 0.31 0.8 0.58 Eight dates yield a weighted mean date of 252.54 Ma. One older 
date is 253.13 ± 0.08 Ma. 
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